Introduction
============

Colorectal cancer is the third most common cancer in both sexes, and it is among the most common causes of cancer-related deaths in the United States.[@b1-cpaa-10-023] In Jordan, colorectal cancer accounts for 10.3% and 8.9% of cancer-related deaths in males and females, respectively.[@b2-cpaa-10-023] Surgical resection of the primary tumor and involved lymph nodes is the primary treatment for early-stage localized tumors. However, for advanced-stage metastatic tumors, adjuvant chemotherapy is the mainstay of therapy.[@b3-cpaa-10-023] Approximately 55% of colorectal cancer patients present with advanced stages at time of diagnosis, and half of the patients who undergo surgery ultimately develop a metastatic disease.[@b4-cpaa-10-023]--[@b6-cpaa-10-023] Adjuvant chemotherapy consisting mainly of 5-fluorouracil (5-FU), oxaliplatin (OXA), and irinotecan (IRN) has been associated with improved response rates, reduced risk of tumor recurrence and mortality, and enhanced disease-free and median survival rates.[@b4-cpaa-10-023],[@b7-cpaa-10-023],[@b8-cpaa-10-023]

Despite the advances in chemotherapy and targeted molecular agents, approximately 90% of patients with advanced metastatic colorectal cancer fail therapy, which is mainly attributed to resistance, either intrinsic or acquired.[@b9-cpaa-10-023] p53, is a tumor suppressor protein that works intracellularly to promote apoptosis or autophagy of the tumor cells.[@b10-cpaa-10-023],[@b11-cpaa-10-023] p53 is the most commonly mutated gene in cancer, with a mutation rate of approximately 50% in colorectal cancer.[@b12-cpaa-10-023],[@b13-cpaa-10-023] There is controversy regarding the effect of p53 status on the sensitivity of tumors to anticancer therapy. Taking into account the heterogeneity of cancer and the mutations affecting the p53 gene, it is now postulated that the p53-dependent response to anticancer therapy varies by cancer type, anticancer agent used, and the presence of mutations in other genes.[@b14-cpaa-10-023],[@b15-cpaa-10-023] Some studies proved that p53 is an important determinant of colorectal cancer cells' response to 5-FU and OXA;[@b7-cpaa-10-023],[@b14-cpaa-10-023] cancer cell lines with mutation in p53 gene were more prone to resistance than wild-type cell lines, while other studies on various cancers revealed that p53-mutant cells were more sensitive to anticancer therapy such as OXA,[@b14-cpaa-10-023],[@b16-cpaa-10-023]--[@b18-cpaa-10-023] thus indicating that other p53-independent pathways play a role in the response to chemotherapeutic agents. One suggestion is the coactivation of p53 homologues such as p73 that is independent of p53 status.[@b19-cpaa-10-023]

The high resistance and toxicity profile associated with the current chemotherapeutic agents highlight the urgent need for the identification of new adjuvant therapies. Such agents will act synergistically to sensitize tumor cells to the currently approved anticancer agents, overcome therapy resistance, and reduce dose requirements and thus the drugs-induced adverse effects. Taking advantage of potential antineoplastic agents that are currently approved and used for treatment of disease conditions other than cancer is highly encouraged to evade the costly and exacting processes of development of new anticancer agents.

It was revealed by several studies that patients with diabetes mellitus were at higher risk of cancer such as colorectal cancer,[@b20-cpaa-10-023]--[@b23-cpaa-10-023] breast, pancreatic, and endometrial cancers among others.[@b24-cpaa-10-023]--[@b26-cpaa-10-023] This encouraged many researchers to study the potential anticancer activity of antidiabetic agents. For example, metformin exhibited antineoplastic activities in various types of cancers such as breast cancer, colorectal cancer, and prostate cancer.[@b27-cpaa-10-023]--[@b30-cpaa-10-023]

Pramlintide is a parenteral antidiabetic agent that is currently approved as adjunctive therapy to insulin in types 1 and 2 diabetes mellitus. Pramlintide is administered subcutaneously at doses ranging from 30 to 150 μg three to four times daily with a bioavailability of 30%--40%.[@b31-cpaa-10-023] It is a safe drug and is usually well tolerated with minimal adverse effects such as hypoglycemia, headache, and gastrointestinal upset.[@b31-cpaa-10-023],[@b32-cpaa-10-023] Pramlintide is a synthetic analog of amylin, a glucoregualtory hormone that is cosecreted with insulin from pancreatic β-cells. It acts on the three amylin receptors (AMY1, AMY2, and AMY3) that consist of a G protein-coupled receptor, calcitonin receptor, and three receptor activity-modifying protein receptors (1, 2, and 3).[@b33-cpaa-10-023]

To the best of our knowledge, the anticancer effect of pramlintide was studied only in one previous study by Venkatanarayan et al.[@b34-cpaa-10-023] It was shown that the anticancer effect of pramlintide is related to p53 status and that it works through calcitonin receptors and receptor activity-modifying protein 3 receptors, which eventually resulted in the regression of p53-deficient thymic lymphomas.[@b34-cpaa-10-023] In the same study, it was found that different members of the p53 family, TAp63 and TAp73, can compensate for p53 knockdown through upregulating islet amyloid polypeptide, the gene encoding for amylin.[@b34-cpaa-10-023] Modulation of islet amyloid polypeptide or treatment with pramlintide resulted in regression of thymic lymphoma tumors with knocked-down p53,[@b34-cpaa-10-023] thus suggesting the beneficial antineoplastic role of pramlintide in p53-mutated tumors.

In this study, we investigated the antiproliferative effect of pramlintide in two different colorectal cancer cell lines; HCT-116 (wild-type p53) and HT-29 (mutant p53). After that, we investigated the synergistic effect of pramlintide combined with 5-FU, OXA, or IRN in the same cell lines. The results of our study demonstrate that pramlintide alone inhibits the growth of HCT-116 and HT-29, but with higher efficacy against the latter. Moreover, the addition of pramlintide to HCT-116 and HT-29 with 5-FU, OXA, or IRN induced growth inhibition synergistically.

Materials and methods
=====================

Drugs
-----

IRN was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO) at a concentration of 160 mM, and 5-FU and OXA were purchased from Combi-Blocks (San Diego, CA, USA) and dissolved in DMSO at concentrations of 385 mM and 378 mM, respectively. Pramlintide was obtained from R&D systems-Biotechne (Abingdon, UK) and dissolved in nuclease-free water at a concentration of 1 mg/mL. All drugs stocks were stored in a dark-colored bottles at −20°C as stock solutions.

Cell culture and drugs treatment
--------------------------------

HCT-116 and HT-29 human colorectal cancer cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). Both cell lines were cultured in Dulbecco's modified Eagle's medium (Euroclone, Pero, Italy) supplemented with 10% fetal bovine serum (Euroclone) and 1% penicillin/streptomycin (100 IU/mL penicillin and 100 μg/mL streptomycin, Euroclone). Both cell lines were maintained in a humidified incubator with 95% air and 5% CO~2~ atmosphere at 37°C.

Drugs stocks were diluted to the required concentrations with culture media immediately before use. Before treatment with the drugs, the medium was removed when cells were adherent and approximately 80% confluent.

MTT assay
---------

The HCT-116 (wild-type p53) and HT-29 (mutant p53) cells were plated into the 96 well plates at a density of 5×10^3^ in 200 μL of medium per well and the cells were incubated and allowed to attach overnight. The attached cells in the plates were treated with a series of drug concentrations: pramlintide (0--102.4 μg/mL), 5-FU (0--200 μM), OXA (0--300 μM), or IRN (0--160 μM) alone or in combination with three different concentrations of pramlintide (5, 10, and 20 μg/mL) that correspond to 0.5×IC50, IC50, and 2×IC50 in HT-29. Cells grown in medium alone (for treatment with pramlintide only) or containing an equivalent amount of DMSO served as control (for other treatment conditions).

Cells were incubated with the drugs at the indicated concentrations for 72 hours. All measurements were done in triplicate. After that, cell proliferation assay was performed per the manufacturer's protocol. Briefly, MTT dye was added to the treated cells at a final concentration of 0.5 mg/mL in PBS. Then, the plates were incubated at 37°C for 3 hours and the MTT was discarded and the formazan product was dissolved by adding 100 μL of DMSO to each well, followed by shaking for 5 minutes. Then, the plates were read using an enzyme-linked immunosorbent assay plate reader at 570 nm with a reference wavelength of 690 nm. Cell viability was calculated as follows: absorbance of the experimental group/absorbance of the control group. The IC50 value was defined as the concentration needed for a 50% reduction in cell viability. Dose--effect analyses and IC50 calculations were performed using Compusyn software 1.0 (Combosyn Inc., Paramus, NJ, USA).

Analysis of the effects of drug combinations
--------------------------------------------

The effects of different drug combinations were determined as previously described by Martinez-Marignac et al.[@b35-cpaa-10-023] Synergy values (*R*) were calculated using the ratio of IC50 of each primary drug alone (5-FU, OXA, or IRN) divided by combination IC50s. *R* value reflects the extent of synergy or antagonism for two drugs: *R*\>1.6, synergy; *R*=1, additive effect; *R*\<1, antagonism.

Statistical analyses
--------------------

All results were expressed as the mean ± standard deviation. For each two pairs of experiments, Student's *t*-test was used for analysis. For comparison of IC50 values of monotherapy versus combination also, Student's *t*-test was used. For combination studies, one-way analysis of variance and Tukey post hoc testing was performed using R 3.3.2 software. Statistical significance was considered if *p*-value \<0.05.

Results
=======

Pramlintide inhibited the growth of HCT-116 and HT-29
-----------------------------------------------------

We utilized two different colorectal cancer cell lines; HCT-116 (wild-type p53) and HT-29 (mutant p53). Initially, we investigated the effects of pramlintide on the proliferation of the two cell lines using the MTT assay. As shown in [Figure 1](#f1-cpaa-10-023){ref-type="fig"}, pramlintide exerted antiproliferative effects in a dose-dependent manner against both cell lines, with a statistically significant higher efficacy against HT-29 (*p*-value =0.013).

After 72 hours of treatment, 5 μg/mL pramlintide inhibited the growth of HT-29 and HCT-116 by 45.8% and 32.2%, respectively. The inhibitory effect was increased with 10 μg/mL (53.7% and 36.7%, respectively), and reached higher levels with 20 μg/mL (61.5% and 41.2%, respectively).

There was a difference between the IC50 values determined after treatment of HCT-116 and HT-29 with pramlintide. The IC50 value for pramlintide was approximately 5.4-fold higher in HCT-116 cells compared to HT-29 cells, 48.67 and 9.10 μg/mL, respectively, as shown in [Table 1](#t1-cpaa-10-023){ref-type="table"}.

Synergistic growth inhibition by pramlintide in combination with 5-FU, OXA, or IRN
----------------------------------------------------------------------------------

The effect of 5, 10, and 20 μg/mL pramlintide on 5-FU-, OXA-, and IRN-induced growth inhibition effect was measured in HCT-116 and HT-29 cell lines by MTT assay ([Figure 2](#f2-cpaa-10-023){ref-type="fig"}).

Our results revealed that at clinically achievable and nontoxic concentrations, pramlintide enhanced the antiproliferative of the three tested anticancer agents in a dose-dependent manner.

Synergy values (R) were quantified by using the ratio of IC50 of each primary drug alone (5-FU, OXA, or IRN) divided by combination IC50s.

Pramlintide showed a statistically significant synergistic effect against both cell lines when combined with 5-FU, OXA, and IRN, as indicated by (*R*) values (*p*-value \<0.05) ([Table 2](#t2-cpaa-10-023){ref-type="table"}).

Discussion
==========

The current study was performed in an attempt to identify the antineoplastic potential of pramlintide colorectal cancer. For this, we utilized two colorectal cancer cell lines HCT-116 and HT-29. Our current study showed that this amylin analog inhibits the growth of colorectal tumor cell lines and synergizes with 5-FU, OXA, and IRN.

We found that pramlintide inhibited the growth of HCT-116 and HT-29 cell lines in a dose-dependent manner. However, HCT-116 was shown to be more resistant to pramlintide than HT-29, with approximately five-fold difference in IC50s. The difference in response to pramlintide may indicate that the anticancer effect of this agent is dependent on the p53 status; HCT-116 cell lines express p53 in wild-type conformation, while in HT-29 there is a G to A mutation in codon 273 of the gene that results in an arginine to histidine substitution (R273H). This missense mutation is associated with loss of wild-type activity and overexpression of a mutant p53 with oncogenic functions, ie, "gain of functions" phenotypes.[@b36-cpaa-10-023] Differential antineoplastic activity of pramlintide based on p53 status was previously shown in thymic lymphoma in mice.[@b34-cpaa-10-023] The function of p53 could have been restored or reactivated by pramlintide in HT-29, which is one mechanism for targeting p53 suggested by several studies.[@b37-cpaa-10-023],[@b38-cpaa-10-023] Further investigations are required to identify the mechanism of action and the mutant p53-dependent antiproliferative effect of pramlintide.

Despite the controversy regarding the effect of p53 status on the sensitivity of tumors to anticancer therapy, many studies revealed that p53 overexpression, a surrogate marker of p53 mutation, is associated with increased resistance to 5-FU, OXA, and IRN.[@b7-cpaa-10-023],[@b39-cpaa-10-023] Our results indicate that pramlintide may have activated the transcriptional activity of p53 in HT-29 cell line, which as a consequence resulted in enhanced apoptosis. This suggests that pramlintide is of high benefit to overcome p53-mutated tumors' resistance toward chemotherapeutic agents. It is worth noting that metformin-induced anticancer activity was more pronounced in HCT-116 cell lines with p53 knockout.[@b28-cpaa-10-023]

To investigate the synergistic potential of pramlintide with chemotherapy agents in colorectal cancer cell lines, we sought to test three different concentrations of pramlintide that correspond to 0.5×IC50, IC50, and 2×IC50 in each cell line. Nevertheless, due to high concentration requirements in HCT-116 cell lines, the limited amount of the drug available, and to be consistent with the investigated comparisons, we utilized pramlintide at concentrations of 5, 10, and 20 μg/mL, which correspond to 0.5×IC50, IC50, and 2×IC50 in HT-29. We demonstrated for the first time that at low and clinically achievable concentrations, pramlintide could synergistically inhibit colorectal cancer cell proliferation in HCT-116 and HT-29 cell lines when combined with 5-FU, OXA, and IRN in a concentration-dependent manner. These results suggest that pramlintide is a novel potential adjuvant anticancer agent with beneficial role in overcoming resistance to 5-FU, OXA, and IRN. Further in vivo and clinical studies are required to establish pramlintide as a valid chemopreventive and chemotherapeutic agent in colorectal cancer.

Despite the promising results we obtained from this study, there were some limitations. First, the antineoplastic potential of pramlintide was tested only using the short-term MTT assay. Second, we utilized only two representative cell lines to investigate the differential effect of pramlintide based on the p53 status; thus, the difference in the response to pramlintide between HT-29 and HCT-116 could be due to factors other than p53.

Conclusion
==========

This study shows for the first time that pramlintide has anticancer activity against colorectal cancer and has a synergistic effect with 5-FU, OXA, and IRN. Future work will more fully explore the antiproliferative mechanisms of pramlintide and the underlying molecular mechanisms of synergism. Moreover, the antineoplastic potential of pramlintide will be analyzed using other long-term assays, such as colony-forming assay, and in vivo models of colorectal cancer.
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![Antiproliferative effect of pramlintide on HCT-116 and HT-29 colorectal cancer cell lines.\
**Notes:** Pramlintide concentrations ranged from 0.1 to 102.4 μg/mL. Attached cells were maintained in the drug-containing medium for 72 hours before being analyzed by MTT assay. Experiments were performed in triplicate. Pramlintide inhibited the growth of HCT-116 and HT-29 cell lines in a dose-dependent manner. HT29 and HCT116 differed significantly in their response to pramlintide (*p*-value =0.013). Student's *t*-test was used for analysis, and statistical significance was considered if *p*-value \<0.05.](cpaa-10-023Fig1){#f1-cpaa-10-023}

![Effect of treatment with 5-FU, OXA, orIRN, alone or combined with pramlintide on cell proliferation of HCT-116 (**A, B,** and **C**) and HT-29 (**D, E,** and **F**) colorectal cancer cell lines.\
**Notes:** Cell viability was assessed using MTT assay. Cell viability was measured after treatment with a series of drug concentrations: 5-FU (0--200 μM) (**A, D**), OXA (0--300 μM) (**B, E**), or IRN (0--160 μM) (**C, F**) alone or combined with three different concentrations of pramlintide (5, 10, and 20 μg/mL) for 72 hours. Cells grown in medium containing an equivalent amount of DMSO served as control. Each treatment condition was performed in triplicate. Data are expressed as mean±standard deviation. One-way ANOVA and Tukey post hoc was used for analysis and statistical significance was considered if *p*-value \<0.05.\
**Abbreviations:** 5-FU, 5-fluorouracil; ANOVA, analysis of variance; DMSO, dimethyl sulfoxide; IRN, irinotecan; OXA, oxaliplatin.](cpaa-10-023Fig2){#f2-cpaa-10-023}

###### 

IC50s for pramlintide and chemotherapy drugs in HCT-116 and HT-29

  Drug                  Colorectal cancer cell lines   
  --------------------- ------------------------------ --------
  Pramlintide (μg/mL)   48.67                          9.06
  5-FU (μM)             47.24                          148.71
  OXA (μM)              43.41                          12.09
  IRN (μM)              20.22                          2.45

**Abbreviations:** 5-FU, 5-fluorouracil; IRN, irinotecan; OXA, oxaliplatin.

###### 

Combination IC50s and synergy values (*R*) in HCT-116 and HT-29

  HCT-116                     IC50 (μM)   *p*-value   *R*    HT-29                       IC50 (μM)   *p*-value   *R*
  --------------------------- ----------- ----------- ------ --------------------------- ----------- ----------- -------
  **5-FU**                                                   **5-FU**                                            
  Plus 5 μg/mL pramlintide    28.48       0.003       1.7    Plus 5 μg/mL pramlintide    85.92       0.001       1.7
  Plus 10 μg/mL pramlintide   18.90       \<0.001     2.5    Plus 10 μg/mL pramlintide   25.38       \<0.001     5.9
  Plus 20 μg/mL pramlintide   7.03        \<0.001     6.7    Plus 20 μg/mL pramlintide   3.16 \<     0.001       47.1
  **OXA**                                                    **OXA**                                             
  Plus 5 μg/mL pramlintide    13.29       0.004       3.3    Plus 5 μg/mL pramlintide    0.41        0.009       29.5
  Plus 10 μg/mL pramlintide   2.94        \<0.001     14.8   Plus 10 μg/mL pramlintide   0.17        0.006       71.5
  Plus 20 μg/mL pramlintide   0.48        \<0.001     89.7   Plus 20 μg/mL pramlintide   0.05        0.006       252.2
  **IRN**                                                    **IRN**                                             
  Plus 5 μg/mL pramlintide    11.49       0.001       1.8    Plus 5 μg/mL pramlintide    1.74        0.06        1.4
  Plus 10 μg/mL pramlintide   5.53        0.001       3.7    Plus 10 μg/mL pramlintide   0.91        0.003       2.7
  Plus 20 μg/mL pramlintide   0.78        \<0.001     25.9   Plus 20 μg/mL pramlintide   0.24        0.002       10.2

**Note:** IC50 values of monotherapy and combination were compared using the Student's *t*-test.

**Abbreviations:** 5-FU, 5-fluorouracil; IRN, irinotecan; OXA, oxaliplatin.
